ABSTRACT: An effective method for the selective separation of dibenzothiophene (DBT) from gasoline samples using a magnetic molecularly imprinted polymer (MMIP) is described. The novel MMIP was synthesized by suspension polymerization using DBT as template. The morphology, magnetic and adsorption properties of MMIP were characterized by Fourier transmission infrared spectrometry, scanning electron microscopy, magnetic measurements, thermogravimetric analysis and nitrogen adsorption. Isothermal absorption of DBT, kinetics of absorption and adsorption selectivity on MMIP were then evaluated. Experimental results show that the adsorption behaviours of MMIP were well-described by the Freundlich isotherm and the pseudo-second-order kinetics. In addition, the synthesized adsorbent (MMIP) exhibited favourable affinity and selectivity for DBT over other competitive compounds.
INTRODUCTION
Organosulphur compounds released during combustion of transportation fuels are converted into sulphur oxide (SO x ), which causes acid rain, equipment corrosion and catalyst poisoning in the tail gas clean-up systems of engines (Babich and Moulijin 2003) . Consequently, more stringent environmental regulations are put forth to reduce the sulphur content in fuels, particularly gasoline and diesel, which account for 75-80% of the total refinery product (Sachdeva and Pant 2010) . Therefore, the removal of sulphur compounds from fuels has gained increasing attention worldwide.
At present, a majority of sulphur compounds from petroleum products are removed by catalytic hydrodesulphurization; however, this process could not remove dibenzothiophene (DBT) and its derivatives. Moreover, this technology requires severe operating conditions such as high temperature, elevated pressure, high hydrogen consumption and/or noble metal catalysts, subsequently resulting in higher operational costs and a significant reduction in octane number due to saturation of olefins (Bhatia and Sharma 2010; Montesinos-Castellanos et al. 2007; Song and Ma 2003; Topsoe et al. 2005) . Thus, alternative desulphurization technologies have been developed, including oxidative desulphurization, catalyst desulphurization, biological desulphurization and adsorptive desulphurization. Among these technologies, adsorptive desulphurization has been considered to be one of the most promising processes for deep desulphurization of fuel compounds due to several advantages such as low capital, mild operational conditions, reaction specificity, scalability and the ability to desulphurize hydrocarbon fuels to near-zero sulphur content (Akhtar et al. 2009; Wang et al. 2009 ). At present, the key is to develop an adsorbent with high capacity and high selectivity for sulphur removal.
In recent years, molecularly imprinted polymers (MIPs) have been suggested to have great potential as an adsorbent for separation and enrichment of trace target molecules or their analogues from complex systems, owing to its high selectivity, chemical stability and easy preparation (Haginaka 2008) . MIPs are materials prepared using a template that serves as a mould for the formation of a template-complementary binding site. Once the template molecule is removed from the resultant polymer network a template-fitted cavity with template-selective binding capacity remains, which favours the adsorption of target molecules. Thus, MIPs exhibit template-selective binding capacity towards a large variety of target molecules (Gao et al. 2010; Zhang et al. 2010) .
Molecular imprinting technique (MIT) is an attractive method for producing a threedimensional cross-linked polymer network in the material that preferentially binds with a specific template. Some studies have also utilized MIT for desulphurization and denitrification (Yang et al. 2011 (Yang et al. , 2015 Zhu et al. 2013) . However, tedious centrifugal process is inevitable when adopting this technology. Additionally, MIPs are easily lost in this process. To overcome the aforementioned limitations, it is suggested to encapsulate the MIPs in magnetic components. The resulting polymer exhibits not only magnetically susceptible characteristic (due to magnetic encapsulation) but also selectivity towards target molecules (actual property of the adsorbent).
Previously, our research group has developed several magnetic MIPs (MMIPs) for desulphurization and denitrification Liu et al. 2014; Niu et al. 2014) . In this study, our aim is to develop an efficient adsorbent for desulphurization of gases based on results of previous studies. The novel MMIP based on Fe 3 O 4 magnetic nanoparticles was synthesized by suspension polymerization for selective adsorption of DBT. The MMIP synthesized was characterized, and its adsorption behaviour for DBT was investigated.
MATERIAL AND METHODS

Materials
Ethylene glycol dimethacrylate (EGDMA), DBT, benzothiophene (BT), 4-methyldibenzothiophene (4-MDBT) and 4,6-dimethyldibenzothiophene (4,6-DMDBT) were obtained from the Sigma Chemical Company. Poly(ethylene glycol) was received from Xilong Chemical Plant (PEG-6000; Shantou, China). All the reagents and chemicals including methacrylic acid (MAA), styrene (St), toluene, glacial acetic acid, methanol (MeOH), ethanol, n-octane and 2,2'-azobisisobutyronitrile (AIBN), tetradecane (99%), iron (II) chloride tetrahydrate (FeCl 2 ·4H 2 O), iron (III) chloride hexahydrate (FeCl 3 ·6H 2 O) and ammonium hydroxide (25%) were purchased from Sinopharm Chemical Reagent Co. Ltd. All the chemicals were of analytical reagent grade and used as received without further purification. Figure 1 shows the synthesis of MMIPs. First, magnetite particles (Fe 3 O 4 ) were synthesized by co-precipitation using a mixture (90 ml) containing FeCl 2 ·4H 2 O (1.72 g) and FeCl 3 ·6H 2 O (4.72 g) in ammonium hydroxide solution (25% wt%). This process has been described indepth in Li et al. (2012) . The resultant nano-structured magnetite was modified by ultrasonicating it with PEG-6000 (10.0 g) in 30 ml distilled water for 30 minutes to change its surface characteristics. Under the protection of nitrogen, DBT (1.0 mmol) and MAA (4.0 mmol) were dissolved in toluene (37.7 mmol) at room temperature and then stored in the dark for 14 hours, which allows for self-assembly of the template and the monomer. The prepolymer solutions, PEG-Fe 3 O 4 particles, dispersing solution (9.11 ml St), cross-linker (EGDMA, 1.5 ml) and initiator (AIBN, 0.1g) were dispersed into 80 ml of distilled water, and the whole mixture solution was stirred by vigorous agitation (800 rpm) under the protection of nitrogen for 24 hours at 70 °C. After polymerization, the obtained polymers were separated using the external magnetic and washed with distilled water to remove all impurities. The final product-MMIP-was eluted using a solution of methanol/acetic acid (9:1, v/v) by Soxhlet extraction to remove the template molecules (DBT) and then dried in vacuum. Magnetic nonimprinted polymer (MNIP) particles were also prepared using the same steps, but without the addition of template DBT.
Preparation of MMIP
Characterization
Infra-red spectra were recorded in the range of 4000-400 cm -1 using a Nicolet Nexus 470 FTIR spectrometer. The morphologies of the adsorbents were determined using a scanning electron microscopy (SEM; JSM-7001F; JEOL) and a transmission electron microscope (JEM-2100, JEOL). The surface area, pore volume and pore diameter of the synthesized nanoparticles were determined using an ASAP 2020 instrument (Micromeritics, Norcross, GA, USA) according to the BET, Dubinin-Radushkevich and Barrett-Joyner-Halenda methods, respectively. Thermogravimetric analysis (TGA) was performed using a Diamond TG/DTA Instrument (Perkin-Elmer) under a nitrogen atmosphere of up to 1000 °C with a heating rate of 5.0 °C minute -1 . Magnetic measurements were carried out using a vibrating sample magnetometer (VSM; HH-15) at room temperature. 
Adsorption Experiments
For adsorption experiments, a model solution was prepared by dissolving sulphur compounds (DBT, BT, 4-MDBT and 4,6-DMDBT) in liquid n-octane. For the study of adsorption kinetics, 10 mg of adsorbent (MMIP or MNIP) was added into a series of 10-ml test tubes containing 6 ml of the model solution. The mixture was sealed and shaken on a shaker at a frequency of 150 rpm. At the pre-set time intervals, the suspensions were separated by an external magnetic field and the residual amount of DBT was measured using a gas chromatograph (Agilent 7890A) with tetradecane as internal standard. The adsorption capacity of DBT was calculated using the following equation:
where q t (mg g -1
) is the amount of DBT adsorbed on MMIP or MNIP, C 0 and C t (mg l -1
) are concentrations of DBT at the initial time and at time t, respectively. V (l) is the solution volume and m is the weight of the MMIP (g).
The adsorption isotherm was obtained at constant temperatures (25, 35 and 45 °C). The adsorption amount (mg g -1 ) was calculated using the following equation:
where q e (mg g -1
) is the amount of DBT adsorbed at equilibrium and C e (mg l -1 ) is the DBT equilibrium concentration.
To evaluate the specific recognition ability of MMIP for DBT, two structurally related compounds-BT and 4-MDBT-were selected as interfering molecules. Equal molarity of two ligands (DBT/BT and DBT/4-MDBT) were mixed together in n-octane solution for evaluating the selectivity of MMIP. The initial concentration of each was 1.63 mmol l −1 .
RESULTS AND DISCUSSION
Characterization of the MMIP
The infrared spectra of Fe 3 O 4 , MNIP and MMIP are illustrated in Figures S1(a-c), respectively (see Supplementary Material online). The bands around 570 cm -1 indicate the presence of Fe-O bonding, which suggests that Fe 3 O 4 was successfully incorporated into the magnetic polymers. A broad absorption band at 3424 cm -1 was noted, which corresponds to the stretching vibration of O-H bonds of the hydroxyl groups of MAA molecules. The typical peak at 1729 cm -1 was attributed to the stretch vibration peak of C=O, and the relatively strong band at 1110 cm -1 was attributed to the absorption of C-O-C, which indicated the presence of EGDMA. Moreover, new peaks at 3026 and 2920 cm -1 belonged to the C-H aromatic stretching vibrations of styrene units. was no dramatic weight loss below 320°C. Significant weight loss occurred between 320 and 450 °C, and the polymer was completely decomposed with the weight loss of 85.25% of MMIP and 82.12% of MMIP when the temperature was increased to 800 °C. The remaining mass was attributed to the increased thermal resistance of Fe 3 O 4 particles. Thus, it can be concluded that the polymers were successfully grafted onto the surface of Fe 3 O 4 nanoparticles and the grafting yield was about 85%. Nitrogen adsorption is an important and effective method to obtain some statistical information about adsorbent microstructure. The surface area, pore volumes and pore diameters of MMIPs (after removing DBT) and MNIP are presented in Table S1 (see Supplementary Material online). The specific area of MMIP was greater than that of MNIP, which indicated that the elution of DBT played an important role in increasing the surface roughness. Compared with MNIP, MMIP had a higher pore diameter and greater pore volume, which were also attributed to the imprinting and removal of the template.
The magnetic properties of Fe 3 O 4 , MMIP and MNIP were investigated at room temperature using a VSM. Figure 4 shows the hysteresis loops of the samples, which were typical loops of a soft magnet. It could be observed that the shape of the three curves was similar-being symmetrical about the origin, which illustrated a response to an external magnetic field but without magnetization. The saturation magnetization of MMIP and MNIP decreased to 6.35 and 4.12 emu g -1 , respectively, compared with that of the Fe 3 O 4 (22.95 emu g -1 ). This was expected because the polymeric coating had effectively shielded the magnetite. However, the MMIP with declined saturation magnetization value also possesses enough magnetic response to meet the needs of magnetic separation. This will provide an easy and efficient way to separate MMIP from a suspension system under an external magnetic field. To investigate the equilibrium time and temperature for the adsorption of DBT onto MMIP and MNIP, the effect of contact time was studied at different temperatures (298, 308 and 318 K, respectively) using model solutions with initial DBT concentration of 300 mg l -1 . Based on results presented in Figure S2 (a) (see Supplementary Material online), it was observed that the adsorption capacity first increased sharply, then increased slightly and finally reached the equilibrium value at 180 minutes. However, Figure S2 (b) (see Supplementary Material online) showed rapid adsorption of DBT in the first of 80 minutes, and then the adsorption curves became smooth and continuous. Both MMIP and MNIP needed 180 minutes to attain equilibrium; therefore, the optimal contact time was fixed at 180 minutes in the following experiments. The results presented in Figure S2 (see Supplementary Material online) also showed that the adsorption capacity increased with increase in temperature, suggesting that higher temperature favours adsorption. Besides, the maximum adsorption capacity for MMIP and MNIP was 246.73 and 75.49 mg g -1 , respectively, at 318 K. The amount of DBT adsorbed on MMIP was greater than that of MNIP, which indicates the preferential adsorption of DBT on MMIP. It was probably because MMIP had good specificity for the imprinted molecule (DBT).
Adsorption properties of the MMIP
Effect of Contact Time and Temperature
Adsorption Mechanism
For identifying the diffusion mechanisms and rate-controlling steps in the adsorption process, intraparticle diffusion model was employed to determine the rate-limiting step.
A functional relationship common to most treatments, intraparticle diffusion is described by Weber and Morris (Özacar and Sengil 2005) as
where k p is the intraparticle diffusion rate constant (mg g -1 min -1 ) and c (mg g -1 ) is the value of intercept. The value of c and k p can be evaluated from the intercept and slope of the linear plot of q t versus t 1/2 (Figure 5 ), respectively. As can be seen from Figure 5 , the multilinearity of intraparticle diffusion plots indicated that three steps were involved in the adsorption of DBT on MMIP. The slopes of three sections followed the following order: the initial section > the second section > the last section. This indicates that the DBT was transported to the macropores, mesopores and then slowly diffused into micropores (Ofomaja 2010; Ofomaja and Ho 2007) . The first (initial) stage could be attributed to the diffusion of DBT through the solution to the external surface of MMIP and diffusion of DBT through the boundary layer to the surface of MMIP. The second step was the gradual adsorption stage where the intraparticle diffusion was rate limiting. A third region attributed to the final equilibrium state is noted, during which the diffusion of particles started to slow down due to the extremely low adsorbate concentrations remaining in the solution.
Adsorption Isotherms
Adsorption isotherm is basically important to describe how an adsorbate interacts with adsorbents and is critical in optimizing the use of adsorbents. To study the adsorption performance of MMIP and MNIP, the adsorption isotherm experiments were performed with initial concentrations ranging from 100 to 1000 mg/l and the results are shown in Figure 6 . As seen in Figure 6 , the adsorption value increased with the increasing concentration of DBT, and the adsorption capacity of MMIP was higher than that of MNIP at the same condition, indicating the preferential adsorption of DBT on MMIP. The saturation binding data were further processed with the nonlinear form of the Langmuir and Freundlich isotherm models.
Langmuir Isotherm Model
The Langmuir model assumes that adsorption takes place at specific homogeneous sites on the surface of the adsorbent, and also the adsorption behaviour is based on monolayer adsorption. The non-linear expression of the Langmuir model (Kumar et al. 2007 ) is given as follows:
where q m (mg g Table 1 . It was seen that the correlation coefficient (R 2 ) values of Freundlich model were higher than that obtained using the
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Freundlich Isotherm Model
The Freundlich isotherm model is related to multilayer adsorption and for adsorption on a heterogeneous surface. The non-linear expression of the Freundlich model (Pan et al. 2011 ) is given as follows: (5) where k F (mg g −1 ) and n are the isotherm parameters of adsorption strength and capacity, respectively. All the constants and parameters of the Freundlich isotherm models are listed in Table 1 ; n is the heterogeneity factor that represents the bond distribution. The values of n > 1 indicate a favourable adsorption condition . In this study, the value of n was found to be greater than 1, which indicated that the experimental conditions were favourable for DBT adsorption. The values of Freundlich constant (k F ) increased notably as temperature increased, suggesting that the adsorption capacity increased with the increase in temperature. As mentioned earlier, the Freundlich model was able to describe the adsorption isotherm.
Adsorption Selectivity
To verify that the MMIP is selective for DBT, two thiophene compounds (BT and 4-MDBT) were selected as structural analogues (as shown in Figure 7 ). Figure 8 shows the adsorption capacity of MMIP and MNIP for DBT and its analogues. It could be seen from Figure 8 that the removal efficiency of MMIP for DBT was much higher than that of other organosulphurs, whereas the adsorption capacity of MNIP did not show a significant difference in the removal of organosulphurs. This can be attributed to the interactions between functional groups of the targets and imprinted cavities, abundant binding sites with functional groups in a predetermined orientation and special size were available for selective recognition DBT onto MMIP. Figure 8 also clearly shows that the adsorption of DBT onto MNIP was much less than that on MMIP. This can be because MNIP did not have the imprinted sites and cavities, which resulted in physical adsorption.
The distribution coefficient (K d ) and selectivity coefficient (k) were usually used as an assessment index to quantitatively evaluate the selectivity of prepared adsorbent. Distribution coefficients of DBT, BT and 4-MDBT were calculated using the following equation ): 
where K d (ml g -1 ) represents the distribution coefficient. The selectivity coefficient of MMIP for DBT can be obtained from the equilibrium binding data according to equation (7) :
where k is the selectivity coefficient and c represents the competitive compound BT or 4-MDBT. A relative selectivity coefficient, denoted as k , can be defined as expressed in equation (8) , and the value of k' indicates the enhanced extent of adsorption affinity and selectivity of MMIP for the template with respect to MNIP. Results of the analysis regarding the adsorption selectivity of MMIP and MNIP for DBT are summarized in Table S2 (see Supplementary Material online). As shown in Table S2 (see Supplementary Material online), the K d and k values of MMIP showed a more significant increase than those of MNIP, resulting in the k values for nearly 1.55-1.91 times. These results further verified that MMIP was able to selectively adsorb DBT in the presence of the structural analogues.
CONCLUSIONS
In this study, DBT MIP-coated Fe 3 O 4 magnetic nanoparticles were prepared by suspension polymerization in the aqueous phase. The synthetized MMIP with magnetic property and large specific surface area could be flexibly dispersed and attracted by simple treatments. The structural features of the prepared adsorbents were characterized by FTIR, SEM, TGA, VSM and nitrogen adsorption analysis, and the resultant MMIP exhibited good characteristics, such as uniform morphology, thermal stability and enough magnetic response property. An investigation of the adsorption properties of MMIP showed high adsorption capacity and superior selectivity for DBT. All these studies demonstrated that the preparation method we described in this paper was instructive for developing an economic and efficient adsorbent for desulphurization.
